Background: Three recent genome-wide association studies (GWASs) have reported that three SNPs (rs4072037, rs13361707 and rs2274223) located on genes related to host inflammatory response are significantly associated with susceptibility to gastric cancer (GC) in Chinese populations. Helicobacter pylori infection is also an important risk factor for GC through causing inflammatory response in the gastric mucosa. However, no study has established whether there are potential gene-environment interactions between these genetic variants and H. pylori infection to the risk of GC.
Introduction
Gastric cancer (GC) is a worldwide disease and the second most common cause of cancer-related deaths [1] . The incidence of GC varies geographically and 70% of new cases and deaths occur in developing countries. In China, 0.4 million new cases and 0.3 million deaths were estimated for GC in 2005 [2] ; therefore, preventing and controlling this malignancy remains a key public health issue. It is widely accepted that gastric carcinogenesis is a multifactorial process that is related to lifestyle (e.g. smoking, low vegetable/fruit consumption, and high salt/nitrates intake), socioeconomic status, pernicious anemia, Helicobacter pylori infection, and host genetic polymorphisms [3, 4] .
H. pylori infection is a well-established risk factor in gastric carcinogenesis and is classified as a Class I human carcinogen by the World Health Organization (WHO) based on epidemiological evidence [5] . The prevalence of H. pylori is higher in developing than developed countries [6] . H. pylori can adhere to host gastric mucosa and cause transition from normal mucosa to chronic superficial gastritis, which then increases the risk of atrophic gastritis and intestinal metaplasia, and eventually leads to the development of GC in some of the infected individuals over many years [4] . Although GC is associated with H. pylori infection in the stomach, only a small proportion of exposed individuals develop this common malignancy in their lifetime, indicating the important roles of the host genetic factors in the etiology of GC.
Recently, three genome-wide association studies (GWASs) related to GC in the Chinese population have been published [7] [8] [9] . These studies identified some new genetic susceptibility loci for GC in a large sample of the Chinese population. These susceptibility loci have subsequently become a new focus of research, and important in understanding the pathogenesis and prognosis of GC [10, 11] . In the current study, we were particularly interested in the three GWAS-identified single nucleotide polymorphisms (SNPs) that are located on genes related to host inflammatory responses. Among them, rs4072037 at 1q22 is a synonymous SNP in the second exon of mucin1 (MUC1), which is associated with attenuation of intracellular levels of reactive oxygen species (ROS), as well as the epithelial infectious and inflammatory diseases [12] . Rs13361707 is the index SNP among several across the 5p13.1 region that are associated with GC susceptibility in the GWAS [9] , and it is located close to the gene for prostaglandin E receptor 4 (PTGER4). PTGER4 is a prostaglandin (PG) E2 receptor that is the major product of cyclooxygenase (COX)-2, which plays an important role in the immune response. Besides, rs2274223 is localized to the 26th exon of phospholipase C ε1 (PLCE1), a member of the PLC protein family, which is related to expression of inflammation factors in tumor-associated inflammation [13] .
It has been increasingly accepted that the etiology and mechanism of GC involve not only genetics or environmental factors alone, but also interactions between them [14] . Many studies have shown that H. pylori infection is associated with polymorphisms of some inflammatory factors to affect the risk of GC [15, 16] . However, to the best of our knowledge, no studies have investigated the potential gene-environment interactions between H. pylori infection and the above genetic loci to the risk of GC. The current independent case-control study with 335 GC cases and 334 controls in a Chinese population was conducted to investigate the possible interactions between the three SNPs (rs4072037, rs13361707 and rs2274223) and H. pylori infection to the risk of GC.
Materials and Methods

Study population and data collection
All study participants provided written informed consent before blood samples were collected. The study was approved by the Ethics Committee of Tongji Medical College. A total of 335 GC patients were consecutively enrolled from Tongji Hospital of Huazhong University of Science and Technology from February 2011 to August 2012. All cases were newly diagnosed and histopathologically confirmed gastric adenocarcinoma, without a previous malignant tumor in any other organ or any antitumor therapy before blood sample collection. The tumor-node-metastasis (TNM) stages were evaluated according to the American Joint Committee on Cancer Cancer Staging Manual, 6th edition. Additionally, patients who had received any blood transfusion during the past 6 months or who were receiving immunosuppressive therapy were excluded. Three hundred and thirty-four cancerfree controls were randomly selected from individuals who were undergoing health examination at the same hospital at the same time. The inclusion criteria for controls were absence of history of cancer and frequency-matching to the cases by age (±5 years) and sex. All of the cases and controls were genetically unrelated and limited to Han Chinese ethnicity. Demographic and epidemiological information including age, sex, ethnicity, body mass index (BMI, calculated from the body weight in kilogram and height in meters according to the formula: kg/m 2 ), smoking and alcohol status, medical history and family history of cancer were recorded on a questionnaire through face-to-face interviews by a trained doctor or medical student. After recruitment, 5 ml peripheral venous blood was obtained from each participant.
Selection of SNPs and Genotyping
We used the National Center for Biotechnology Information (NCBI)'s Pubmed database (http://www.ncbi.nlm.nih.gov/ pubmed/). There are many newly identified susceptibility loci in recently published GWASs of GC in China [7] [8] [9] . We only selected SNPs located on genes related to host inflammatory responses. As five SNPs on the gene PLCE1 at 10q23 had strong pair-wise linkage disequilibrium (LD) in the GWAS [7] , we chose the most significant nonsynonymous variants. Therefore, three such SNPs, rs4072037 at 1q22, rs13361707 at 5p13 and rs2274223 at 10q23 were included in this study. Genomic DNA was extracted from peripheral blood using a Fuji whole blood DNA kit (Fujifilm Corporation, Tokyo, Japan) following the manufacturer's instructions and stored at -80°C until use. Three SNPs (rs4072037, rs13361707 and rs2274223) were all genotyped using TaqMan assay with ABI 7900HT real-time PCR System (Applied Biosystems, Foster City, CA, USA) as previously described [17] . The call rate for each SNP was >95%. The genotyping results were analyzed using SDS 2.3 Allelic Discrimination Software (Applied Biosystems). Ten percent of the samples were randomly selected for repeat genotyping and the results were 100% concordant.
H. pylori serological testing
We tested for H. pylori infection using an H. pylori IgG enzyme-linked immunosorbent assay (ELISA) kit (Shenzhen Yahuilong Biotech Company, Shenzhen, China) according to the manufacturer's instructions. Samples with optical density (OD) readings higher than the threshold value of 10AU/ml were considered to have H. pylori seropositivity. We also randomly chose 10% of the samples and obtained 95.5% concordance on the repeat assays.
Statistical analysis
A χ 2 test was used to examine the distribution of demographic characteristics among the GC and control groups in terms of sex, age, BMI, cigarette smoking, alcohol consumption, and H. pylori infection. Hardy-Weinberg equilibrium for each SNP was assessed using the goodness-offit χ 2 test among the controls. Logistic regression was used to analyze adjusted odds ratios (ORs) and 95% confidence intervals (CIs) of the studied SNPs, individually or in combination, for the risk of GC. Gene × environment interaction was calculated by conducting a 1-degree-of-freedom Wald test of a single interaction parameter (gene × H. pylori infection) in logistic regression with age, sex, BMI, smoking and drinking status as covariates as previously described elsewhere [18] . Association analysis of H. pylori serology and genotypes was further stratified by TNM tumor stage. Benjamini and Hochberg's method was used to adjust P values in multiple testing to minimize the possibility of type 1 error. All data analyses were performed with SPSS for Windows version 17.0 (SPSS Inc., Chicago, IL, USA). All statistical tests were twosided, and P<0.05 was accepted as statistically significant.
Results
Characteristics of study subjects
The frequency distribution of sex, age, BMI, cigarette smoking, alcohol consumption, H. pylori infection, and clinical features between the GC cases and controls is summarized in Table 1 . Two characteristics, smoking status and H. pylori infection, were significantly more common in cases with GC than in controls (P = 0.002 for smoking status and P = 0.0003 for H. pylori infection). There were no significant differences in the distribution of age, sex, BMI, and drinking status between cases and controls. Of the 335 GC cases, 78 (23.3%) were classified as cardia GC and 257 (76.7%) as non-cardia GC. Furthermore, 96 cases (28.7%) presented with stage I/II and 239 (71.3%) with stage III/IV disease.
Association of rs4072037, rs13361707 and rs2274223 with risk of GC
The genotype distributions of these variants among the controls were all consistent with Hardy-Weinberg equilibrium (P = 0.242 for rs4072037, P = 0.985 for rs13361707 and P = 0.184 for rs2274223). The genotype and allele frequencies of the three SNPs among the cases and controls and the association with risk of GC are shown in Table 2 . Individuals with each variant allele of the three SNPs were significantly associated with altered risk of GC after adjusting for sex, age, BMI, smoking and drinking status, and H. pylori serology at allelic levels (adjusted OR = 0.51, 95% CI: 0.37-0.69 for rs4072037; adjusted OR = 1.46, 95% CI: 1.17-1.82 for r13361707; and adjusted OR = 1.31, 95% CI: 1.00-1.71 for rs2274223). However, under the dominant models in which genotypes with one or two variant alleles were assumed to confer the same disease risk as wide-type genotypes, no significant association was observed between rs2274223 and the risk of GC (adjusted OR = 1.33, 95% CI: 0.97-1.84; P = 0.079). Furthermore, subgroup analysis stratified by tumor site was established to evaluate the association of genetic variants of the three SNPs with risk of subtype GC (Table S1 ). Under the dominant models, G carriers of rs4072037 were consistently associated with significantly decreased risk of GC among both of the two subgroups, whereas the rs13361707-C carriers were only associated with a significantly increased risk of non-cardia GC (adjusted OR = 1.74, 95% CI: 1.17-2.57; P = 0.006) and the rs2274223-G carriers were only associated with a significantly elevated risk of cardia GC (adjusted OR = 2.28, 95% CI: 1.38-3.80; P = 0.001).
Joint effects of H. pylori seropositivity and variants of rs4072037, rs13361707 and rs2274223 on risk of GC
We aimed to clarify the effects of the potential interactions between variants of the three SNPs and H. pylori seropositivity on the risk of GC ( 
Joint effect of H. pylori seropositivity and combined variants of three SNPs on risk of GC
Considering that the three SNPs were all related to host immune response, we further investigated the joint effect of the combined genotypes of the three SNPs and H. pylori infection on the risk of GC. All individuals were further grouped on the basis of numbers of risk genotypes, as follows: (a) low-risk group (0 or 1 risk genotype); (b) medium-risk group (two risk genotypes); and (c) high-risk group (three risk genotypes), as shown in Table 4 . The risk genotypes for GC in this study were AA of rs4072037, CT/CC of rs13361707 and AG/GG of rs2274223. Compared with those in the low-risk group with H. pylori seronegativity, individuals in other groups all had an increased risk for GC, but a significant GC risk was found only for those in the high-risk group with H. pylori seronegativity (OR = 2.40; 95% CI, 1.26-4.63), medium-risk group with H. pylori seropositivity (OR = 2.91; 95% CI, 1.75-4.84), and high-risk group with H. pylori seropositivity (OR = 4.70; 95% CI, 2.49-8.86).
Effect of interactions of H. pylori seropositivity and variants of three SNPs on GC risk stratified by TNM stage
We performed a subgroup analysis stratified by TNM tumor stage to evaluate the modifying effects of variants of the three polymorphisms on the association between H. pylori serology and risk of GC ( Table 5 ). Significant interactions were observed between H. pylori seropositivity and the three SNPs both to the early (I or II) and late (III or IV) stage GC (all P G× E < 0.05). The modifying effects of the variants of rs4072037 and rs2274223 
Discussion
We confirmed the association of three GWAS-identified SNPs (rs4072037, rs13361707 and rs2274223) with GC susceptibility after adjusting for sex, age, BMI, smoking and drinking status, and H. pylori serology in an independent casecontrol study of 335 GC cases and 334 controls in a Chinese population. The results were consistent with the association in the three GWASs [7] [8] [9] and other recently published independent replication studies in China [19] [20] [21] . However, these studies all lacked data about H. pylori infection, and were not able to adjust for the potential influence of H. pylori infection. In addition, our study is believed to be the first independent replication to confirm the association between rs13361707 and the risk of GC. Besides, stratification analysis of tumor location showed genetic variants of rs13361707 were only associated with a significantly increased risk of non-cardia GC, while genetic variants of rs2274223 were specifically associated with a significantly increased risk of cardia GC in the present study.
Another novel finding in our study was the identification of significantly multiplicative interactions between the three SNPs and H. pylori infection to the risk of GC. To the best of our knowledge, this is the first association study of GWASidentified genetic loci for GC risk taking account of H. pylori infection. We found that the three inflammation-related SNPs (rs4072037, rs13361707 and rs2274223) in the GWAS synergized with H. pylori seropositivity tending toward the development of GC. The demonstration of interactions between the three genetic variants and H. pylori infection leads us to conclude that the risk for GC will be greater for those with highrisk genotypes and H. pylori seropositivity. Individuals with high-risk genotypes should be more alert to avoid and eradicate H. pylori infection. Further stratification was conducted for each polymorphism by TNM tumor stage and we found that the joint effects of H. pylori seropositivity and variants of the three SNPs on the risk of GC appeared to be more evident in early-stage GC for rs4072037 and rs2274223 than late-stage GC, but was not markedly altered for rs13361707. This suggests that individuals with the risk genotypes of the two SNPs (rs4072037 and rs2274223) and H. pylori infection could be more likely to develop early-stage GC.
In this population of Hubei Province, China, H. pylori infection rate was 60.6% among the cases and 47.7% among the controls, and a positive association was identified between H. pylori infection and GC risk. H. pylori could affect tumorigenesis through many pathways, including gastric epithelial cell proliferation and apoptosis, and the inflammatory response. In the inflammatory response, H. pylori is not only able to activate proinflammatory COX enzymes, especially COX2, that catalyze the key steps in formation of inflammatory prostaglandins [22] , but also to activate phospholipase A2, an enzyme that catalyzes the formation of the prostaglandin precursor arachidonic acid [23, 24] . The inflammatory response induced by H. pylori leads to the production of mutagenic substances such as inducible nitric oxide synthase, which induces ROS or reactive nitrogen species that cause DNA damage in the gastric epithelial cells [25, 26] . It has been shown that gene polymorphisms of several inflammatory factors, such as interleukin (IL)-1β [15] , tumor necrosis factor (TNF)-α and IL-10 [16] , affect levels of protein expression and are associated with an enhanced risk of developing hypochlorhydria, gastric atrophy, and gastric adenocarcinoma related to H. pylori. Besides, many studies have reported that gene polymorphisms, including cytokine or chemokine genes (e.g., IL-1β, TNF-α, IL-10 and IL-8) and the innate immune response genes (e.g., Toll-like receptor and mannose-binding lectin2) responded to H. pylori infection, are associated with GC susceptibility [27] [28] [29] [30] .
Gene-environment interactions are complex, therefore, the exact mechanism regulating the interactions between the three genetic variants and H. pylori infection is still unclear. Some studies have shown that the three GWAS-identified polymorphisms at 1q22, 5p13 and 10q23 are all related to genes that are important in the host immune responses. First, rs4072037 in MUC1 is known to determine a splicing acceptor site in the signal peptide region [31] , and has an effect on the MUC1 promoter activity in the gastric epithelium [10] . Moreover, MUC1 is a receptor for H. pylori [32, 33] and provides a protective barrier, which limits both acute and chronic colonization by H. pylori, as well as limiting the inflammation induced by H. pylori infection [33] . Other findings have shown that MUC1 allele length is associated with susceptibility to H. pylori gastritis and GC [34, 35] , and mice deficient in MUC1 are more susceptible to H. pylori gastritis [33] . Second, the SNP rs13361707 is located in the first intron of PRKAA1 (encoding protein kinase, AMP-activated, α 1 catalytic subunit) at 5p13.1. Several SNPs across the 5p13.1 region are associated with GC susceptibility and the peak signals occurred at the rs13361707 index SNP in the GWAS [9] . Libioulle et al. [36] have found that genetic variants in the 5p13.1 region are close to the PTGER4 gene, located 270 kb away in the direction of the centromere, and they correlate with quantitative expression levels of PTGER4. The PTGER4 protein, one of the G-protein-coupled receptor subtypes of PGE2, inhibits growth of human gastric carcinoma cell lines [37] and plays an important role in the inflammatory response caused by H. pylori. Third, rs2274223 is a substitution of His to Arg in PLCE1. Some studies have shown that PLCE1 plays a major role in inflammation responses during skin [38] and intestinal [13] carcinogenesis, and PLCE1-deficient mice exhibit marked attenuation of tumor-associated inflammation. Besides, Wang et al. [20] have shown that genetic variants of rs2274223 influenced the expression levels of PLCE1 mRNA in the control specimens. Although these findings provide some supportive evidence of the interactions between the three SNPs and H. pylori infection, the detailed mechanism involved is still unknown. Further in-depth molecular studies will be needed to explore more functions of the three GWAS-identified SNPs in the etiology of H. pylori-related GC. Several limitations of our study need to be addressed. First, the sample size, especially the cardia GC cases, was not large and the statistical power of the study may have been limited. However, using a power software R 2.15.2 and epicalc package, we found that the statistical power for the interactions between the three SNPs and H. pylori to the risk of GC was above 90%. Second, the accuracy of H. pylori serology was limited because specific IgG antibody to H. pylori infection in the course of gastric carcinogenesis could have been reduced or degraded in the serum, and gastric biopsy for isolation of H. pylori strains was not available. Third, other risk factors such as diet profile and socioeconomic status, as well as the quantity of the smoking and drinking alcohol consumption were not available, therefore, it is difficult for us to adjust the potential confounding bias from them. Finally, the present study was a hospital-based case-control study, which might have resulted in potential selection bias.
In conclusion, the current study is believed to be the first to provide evidence that H. pylori infection may interact with the three inflammation-related SNPs (rs4072037, rs13361707 and rs2274223) in the GWASs to contribute to the risk of GC. Our findings emphasize the importance of gene-environment interactions when investigating the etiology of GC. Further studies with different ethnic populations and larger sample sizes and functional assays are warranted to validate these findings. Table S1 .
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